An electron interferometer was designed and fabricated via a normal metal/insulator/ferromagnet non-local lateral spin valve with a ring-shaped normal metal/insulator spacer, and spin current interference was observed. A very high spin signal of 200 mΩ was found in a device with 2 µm injector-detector distance and magnetic field swept parallel to the plane. With a perpendicular magnetic field sweep, a Hanle effect measurement showed both spin precession and h/e oscillation. Because of the non-adiabatic nature of the precessing spins at low fields as they traverse the normal metal ring, this is an experimental observation of Aharonov-Anandan's non-adiabatic geometric phase. In addition, our observation of identical spin resistance for normal and superconducting Aluminum is inconsistent with theoretical predictions based on the quasiparticle picture. To explain the superconducting spin current we suggest that spin triplet Cooper pairs may exist in thin films of Aluminum for direct spin injection.
The Aharonov-Bohm (AB) effect was first proposed in 1959 and experimentally observed in 1985 in a mesoscopic Au ring by electrical quantum phase coherence detection of h/e oscillations during magnetic field sweeps at very low temperature [1, 2] . The wavefunction phase change due to the AB effect was later reformulated by Berry as a special case of his Berry phase in 1985 [3, 4] . Berry considered an adiabatic geometric phase in which the quantum system is always in an instantaneous eigenstate and whose Hamiltonian changes adiabatically around a closed circuit in parameter space [3, 5] . Aharonov and Anandan (AA) later proposed a more generalized geometric phase for non-adiabatic evolution where the quantum state need not be an eigenstate of the Hamiltonian [4, 6] .
In a mesoscopic metal ring structure with interaction between spin and external magnetic field included, the quantum adiabatic approximation is valid for eigenstates in which the spin direction is parallel or antiparallel to the magnetic field and for fields at which the time it takes the electron to transit the ring is much larger than the period of Larmor precession [7] [8] [9] .
In this paper we design and fabricate, for the first time, a non-local lateral spin valve (NLSV) electron interferometer with such a ring structure. We experimentally observe AA's non-adiabatic geometric phase by measuring both the coherent h/e oscillation and spin precession. Spins were injected aligned in plane with the ring and the magnetic field was perpendicular to it. The field was low to ensure that the precession time was longer than the transit time of the ring, resulting in non-adiabatic transport, and therefore making this an AA phase measurement rather than a Berry phase measurement.
Additionally, we observe that the spin signal does not depend markedly on temperature in the superconducting state, in contrast to what the quasiparticle picture suggests [10] . We also observe a localized increase in nonlocal resistance when both the detector and injector are in the negative parallel configuration and the temperature is below T c (see figure 4) . Finally, spin triplet Cooper pairs are suggested to explain the superconducting spin current.
A NLSV is an effective tool to generate and detect spin polarized electrons in mesoscopic metal and semiconductor systems. In Hanle effect measurements, a magnetic field perpendicular to the plane generates spin precession with a spin direction in plane while electrons diffuse from injector to detector [11] [12] [13] [14] [15] [16] [17] [18] [19] . During diffusion, spin can relax via ordinary momentum scattering with spin-orbit coupling [11] , i.e. the Elliot-Yafet mechanism. Momentum scattering in diffusive metal films is typically caused by impurities [20] . Such scattering is elastic and therefore does not break the phase coherence of the electron wave function. Electron-phonon inelastic scattering is the main cause of phase decoherence. But at low temperatures, this is suppressed, thereby enabling the observation of interference effects like those due to weak localization and AB oscillations even in disordered diffusive metals [2, 20] . However, in the original AB effect measurement in Au rings, spin was not considered, nor was the spin-magnetic field interaction from the field that penetrates the ring itself [2] . Figure 1a shows a sketch of the interferometer. Ferromagnetic bars FM1 and FM2 serve as spin injector and detector. FM1 and FM2 spacing l is relatively large to fit the ring between them. In order to get a large nonlocal spin signal for such a large spacing, several factors need to be considered [21] . Assuming an Elliot-Yafet mechanism, the spin-orbit coupling in combination with momentum scattering leads to spin relaxation [11] , while spin-orbit coupling is generally believed to be proportional to the fourth power of the atomic number of the metal [22] . Therefore we use aluminum, which has the advantage of a relatively large spin diffusion length of 1.2 µm [21, 23] and large phase coherence length of 2.0 µm [24] . It has also been reported that a MgO tunnel barrier can enhance spin accumulation, by reducing the conductance mismatch between the FM and NM, and therefore enables long distance spin precession [15, 16] . Therefore, we constructed Al/MgO|Co(Py) NLSVs with ring-shaped NM spacers. Figure 1b is an SEM image of a Al/MgO|Co device with 0.95 µm diameter ring. Two separate e-beam lithographic and deposition phases were required to build the samples. First, the NM ring and electrodes were patterned by e-beam lithography and 20 nm of Al was deposited by thermal evaporation at a base pressure of 10
Torr. Without breaking vacuum, 2 nm of MgO was deposited via RF magnetron sputtering. Second, e-beam lithography was again used to pattern the FM bars and, before metal evaporation, an Argon plasma was used to remove any lithographic residue and other contamination. Then, 50 nm of Co was thermally evaporated at 10 −7 Torr. Finally, samples were annealed at 360
• C for 10 minutes at 10 −6 Torr [25] .
For the samples considered here, the diameter d of the rings, measured via SEM, were 0.95 µm and 2.2 µm. Electron transport distance L was 2 µm for 0.95 µm ring. Al bar samples with L of 0.5 µm, 1 µm and 2.3 µm were also fabricated at the same time to serve as controls. Al/MgO|Co samples were measured in a cryostat with a lowest achievable temperature of 1.9 K. Another group of Py(20 nm)/MgO(2 nm)|Al(60 nm) ring samples were fabricated and measured in a dilution refrigerator with a lowest achievable temperature of 50 mK.
We first measured non-local voltage V NL for both ring 
P is the spin polarization of current injected into Al from Co1, λ sf the spin diffusion length in the Al, and A the cross sectional area of the tunnel junction. σ Al is the conductivity of the Al film which was found to be 3 × 10 7 Ω −1 m −1 from the linear fit in figure 2a. We find an average spin diffusion length of 1.76 µm and a spin polarization of 0.7 in both the ring and bar samples.
To determine the transverse spin diffusion length, a Hanle spin precession measurement was made with an out-of-plane magnetic field, B ⊥ between ±0.17 T at 1 mT/s. Figure 2b shows the resulting Hanle effect curve. The solid line fits the spin resistance to [13] of 0.0108 m 2 s −1 and spin polarization of 0.68. The spin diffusion length is then λ sf = √ Dτ sf = 1.69 µm, which agrees quite well with the previous distance-dependent spin resistance measurements.
The Hamiltonian for an electron with spin is
where m * is the effective electron mass, p + e c A(r) its generalized momentum, A the magnetic vector potential, µ the electron magnetic moment, and σ the Pauli matrix. V (R n ) is defined by the confinement of the conductor and the impurity potential [7-9, 27, 28] , where R n is the position vector of the n th scattering event. In the explanation offered in the experimental observation of AB phase in Au rings [2] , electrons are assumed to move ballistically between elastic scattering centers R i and R i+1 . When the spin degree of freedom is not considered, H(R i ) |ψ i = E(R i ) |ψ i holds after the scattering event at R i such that |ψ i is the instantaneous eigenstate of eq. 3 without the last term. This is how the AB phase is viewed as a special case of Berry's adiabatic geometric phase [3] .
The complete description of the electron quantum state is |Ψ(t) = |ψ(r, t), S(t) = |ψ(r, t) ⊗ |S(t) , where |ψ(r, t) is the spatial part while |S(t) is the spin part. The injector aligns the spins in the x-direction (figure 1a), i.e. |S(t = 0) = |S x ; ± , the eigenstate of S x . When diffusing from injector to detector through the ring with a uniform magnetic field B = B zẑ = B ⊥ẑ applied, the spin precesses in the x-y plane at the Larmor frequency.
The spin is perpendicular to B z after each scattering event, so the electron state ket Ψ(t) is not at the instantaneous eigenstate of the Hamiltonian, eq. 3, since [H, S z ] = 0. The average value of S x can be inferred by the non-local voltage between Co2 and NM2 and the associated Hanle curve. At B z = 0, the electrons diffuse from injector to detector without spin precession. When B z increases to B z,min = 0.15 T as shown in figure 3a , the Hanle curve reaches its first minimum, for which the spin precession angle is π [21] .
Since half of the ring circumference is 1 2 πd, the magnetic field which causes a precession of π while diffusing a distance 1 2 πd is B z,π = (2L/πd)B z,min ≈ 0.19 T. Therefore, for magnetic fields B z < 0.19 T, the time for an electron to transit the ring is shorter than the period of Larmor precession. Based on the above analysis, in 0.95 µm NLSV interferometer at low fields, the quantum adiabatic approximation is violated.
We use AA's approximate treatment to get the geometric phase factor [6] ,
where β is the AA's geometric phase, A µ the electromagnetic four-potential, p the kinetic momentum, and γ the space-time closed curve of two electrons propagating through the two arms for the ring. Because of time reversal symmetry between the two paths, the time component is zero, γ A 0 dx 0 = 0. Further, γ p · dx = 0 for a complete trip around the ring. Therefore, we have
where Φ B = B z · S is the magnetic flux through the enclosed area of the ring. With B ⊥ sweeping, A sinusoidal oscillation of non-local resistance with ∆B z · S = 2πh e should be observed superimposed on the standard Hanle curve because precession does not break phase coherence. Figure 3a is a Hanle effect curve for the 0.95 µm ring with AC current of 0.5 µA at 1.9 K. By taking the Fourier transform of the Hanle curve, we observe a peak at 168 T −1 as in figure 3b . This peak corresponds to a resistance oscillation with period ∆B z = 5.9 mT. By calculating the average area of the hole enclosed by the ring, we get ∆B z = 5.8 mT. Considering that the accuracy of area measurement is 10%, this is very good agreement.
The local Hanle effect was observed by magnetoresistance measurements of a 2.2 µm diameter ring, showing an interference effect with spin polarized current and spin precession; both diffusive spin precession and drift current exist. A 2 µA AC current at 17 Hz was applied between Co1 and Co2 prepared parallel in plane and the voltage between NM1 and NM2 was measured via lock-in with B ⊥ sweeping. The magnetoresistance curve iv (Figure 3c ) is weak-antilocalization-like [20] , but fitting to the model [29] produces unreasonable results. This is understandable because Hikami's model does not consider spin polarization [29] . The Fourier transform of the magnetoresistance curve is shown in figure 3d . Two peaks at 973 T −1 and 1946 T −1 were clearly observed and, from equation 5 with β = 2π, correspond to h/e and h/2e oscillations, respectively.
Previous works [30, 31] on NLSV bar systems have shown a marked change in ∆R NL as the temperature crosses T c from above, therefore, we made non-local spin measurements at a range of temperatures from 50 milliKelvin to 1.6 K, above T c . A Py/MgO|Al 1 µm diameter ring sample was cooled to 50 mK in a dilution refregerator. Non-local resistance was measured with an AC injection currents of 0.5 µA (quasi-static measurements) and 2 µA (swept field measurements) at 79 Hz [15] . The inset of figure 4a shows T c detection with 3 different FM configuration. We find T c = 1.54 K with the non-local resistance baseline jumping from 127.6 Ω to 122 Ω. T c shift of 5 mK, which is due to spin polarization difference [35] , was observed only with opposite magnetization direction of injector. Spin current is clearly seen below, above, and at T c in figure 4b . The critical field at T = 1.5 K was found to be B c, = 0.025 T.
To compare the spin resistance, we offset the 1.6 K data as in figure 4b . ∆R NL in the superconducting state is almost identical to that in the normal state. However, below T c , as the field approaches the point when either FM1 and FM2 are in the negative parallel configuration, the non-local resistance increases (arrows in figure 4b ). The magnitude of the increase grows as the temperature approaches T c from below and vanishes above T c . This effect may come from the interaction between Cooper pairs and magnetic domains [32, 33] .
The almost identical spin resistance below and above T c is inconsistent with theoretical predictions based on the quasiparticle picture [10] which suggest a temperature dependent enhancement of spin resistance by the factor of 1/2f 0 (∆) at the superconducting state, where ∆ is the superconducting gap and f 0 is the Fermi distribution function [10, 30, 34] . The magnitude of the enhancement was predicted to be several orders of magnitude above the normal state [10, 30, 34] .
The co-existence of superconductivity and spin current in our device could be direct evidence of spin supercurrents from spin triplet Cooper pairs, which were under experimental and theoretical investigation recently [32] . Because we continue to observe spin current in the superconducting state, we suggest that, similar to superfluid 3 He, the spin triplet states |↑↑ , |↓↓ and Tc shift for different injector and detector configurations with quasi-static change of temperature at B = 0. The superconducting transition temperature depends on the degree of spin polarization [35] . If this is controlled primarily by the injector, we would expect Tc for the the ↑↓ and ↑↑ states to be equal but different than for the ↓↓ state, consistent with our observations. (b) Non-local resistance at various temperatures below and above Tc and at at 1.6 K, after removing the offset due to the superconducting transition. ∆RNL does not change with temperature either below or above Tc, which is inconsistent with the theoretical predictions of several orders of magnitude change below Tc based on the quasiparticle picture. In addition, arrows point out a localized increase of RNL below Tc when FM1 and FM2 are in the negative parallel configuration. The effect increases as the temperature approaches Tc from below and disappears after the transition. Every 10 th data point shown for clarity.
exist [36] [37] [38] . Consistent with this supposition, recent experimental work on spin pumping into superconductors has shown evidence of triplet spin supercurrent and not quasiparticles [39] . For a clear understanding of the spin transport behavior below T c , more theoretical and experimental work is needed. v To conclude, we experimentally observed simultaneous h/e oscillation and Hanle spin precession in the NLSV interferometer above T c for an Al ring spacer. Because the non-adiabatic condition is satisfied at low fields when the time for an electron to transit the ring is shorter than the period of Larmor precession, our measurement is an experimental observation of AA's non-adiabatic geometric phase and not an AB phase measurement. In addition, we observed the co-existence of spin current and superconductivity. The identical spin resistance above and below T c is inconsistent with predictions from quasiparticle theories; we suggest the superconducting spin current may come from spin triplet Cooper pairs.
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